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Abstract
Diatom assemblages preserved in sediment cores from closed-basin lakes can provide high-resolution records of past hydrologic and climatic conditions, including long-term patterns in the intensity, duration, and frequency of droughts. At Moon Lake, a
closed-basin lake in eastern North Dakota, a comparison of diatom-inferred salinity and the precipitation-based Bhalme-Mooley
Drought Index (BMDI) over the last 100 years was highly significant, suggesting that the diatom record contains a sensitive archive of past climatic conditions. A sub-decadal record of inferred salinity for the past 2300 years indicates that extreme droughts
of greater intensity than those during the 1930s “Dust Bowl” were more frequent prior to A.D. 1200. This high frequency of extreme droughts persisted for centuries and was most pronounced from A.D. 200–370, A.D. 700–850 and A.D. 1000–1200. A pronounced shift to generally wetter conditions with less severe droughts of shorter duration occurred at A.D. 1200. This abrupt
change coincided with the end of the “Medieval Warm Period” (A.D. 1000–1200) and the onset of the “Little Ice Age” (A.D.
1300–1850).
Keywords: drought, diatoms, paleoclimate, Northern Great Plains, paleosalinity, Medieval Warm Period, Little Ice Age

Introduction

Great Plains tend to persist longer than in any other region of the USA (Karl, 1983; Karl et al., 1987; Karl &
Koscielny, 1982; Diaz, 1983; Soule, 1992).
The variable precipitation regime of the central North
American prairies has resulted in the perception of the
Great Plains as both a dry barren land called the “Great
American Desert” prior to 1860, and later as the “Garden of the World” (Allen, 1985). The increase in precipitation in the 1870s may have played a large role in
the westward expansion of settlement into this region
(Mock, 1991), along with the arrival of the railroad and
a campaign to encourage settlement (Bark, 1978).
In general, historical droughts have been asynchronous within the vast Great Plains region (Meko, 1992;
Oladipo, 1986), with regional to continental-scale

Drought is a natural recurring feature of climate that
has had dramatic environmental, economic, and social impacts on modern (Rosenberg, 1978; Riebsame
et al., 1991; Borchert, 1971) and ancient civilizations
(e.g. Hodell et al., 1995). A great deal of research has
focused on the causes (Namias, 1983; Trenberth et al.,
1988; Palmer & Branković, 1989) and spatial patterns
(Soule, 1992; Karl, 1983; Diaz, 1983; Karl & Koscielny,
1982) of documented droughts in North America. Particular attention has been given to the Great Plains of the
central USA (e.g. Oladipo, 1986; Borchert, 1950, 1971),
because this region is an important source of grain nationally and internationally, and because droughts in the
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droughts such as the 1930s being infrequent events
within documented history. However, droughts of greater
duration or intensity than those of the 1930s have been
reconstructed from dendrochronological techniques in
the western Northern Great Plains (Case & MacDonald, 1995) and along the periphery of the Great Plains
(Stockton & Meko, 1983; Duvick & Blasing, 1981).
Long-term records such as these provide a better understanding of the natural variation of drought duration
and intensity than do those of the past 100 years alone.
However, much of the Great Plains is devoid of trees
more than one hundred years old, with the rare exception of Pinus flexilis (limber pine) in southwest Alberta
(Case & MacDonald, 1995), and consequently dendroclimatic reconstructions from many regions are not possible (Meko, 1992).
The climate of the last two millennia is of particular
relevance to the question of anthropogenic versus natural climatic processes (Bradley et al., 1991) and encompasses climatic events, such as the “Little Ice Age”
(LIA) and the “Medieval Warm Period” (MWP), whose
timing, nature, and global extent have long been debated. Albeit an imperfect analog to possible greenhouse
forcing, the “MWP” can provide a baseline for natural climatic variability (Jirikowic & Damon, 1994) that
is more appropriate than the mid-Holocene “hypsithermal,” when boundary conditions (e.g. insolation) were
very different from present (Bryson, 1985).
At present few paleorecords of past hydrological
changes are of sufficiently high resolution or of long
enough duration to understand natural climatic cycles
on decadal or centennial scales. This paucity of highresolution paleorecords is especially true of the Northern Great Plains (NGP), where there is a general scarcity of climatic information and no millennial records
of decadal-scale resolution. Here we present a lacustrine
record of sub-decadal climatic changes over the past
2,300 years. Salinity inferred from diatom assemblages,
based on modern diatom distribution in relation to water-chemistry gradients (Fritz et al., 1993), was used to
infer drought intensity, duration, and frequency from a
sediment core from Moon Lake, North Dakota.
Regional climate
The Northern Great Plains (NGP) is characterized by
a continental and subhumid to semiarid climate, often with severe winters and hot summers. Prior to ag-
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ricultural settlement, the natural vegetation of the Great
Plains was composed of three major plant communities: the eastern tall-grass prairie, the central mixed
grassland, and the western short-grass plains (Carpenter, 1940), which reflect a decrease in effective moisture (precipitation minus evapotranspiration) from east
to west (Figure 1). Today this region forms one of the
major agricultural belts of North America (Riebsame
et al., 1991). The variable climate of the NGP is predominantly the result of the continental location and
the changing influence of major air masses of differing
characteristics: (1) warm dry flow from the Pacific, (2)
cold dry air from the Arctic, and (3) moist tropical air
from the Gulf of Mexico (Bryson, 1966). The mean annual precipitation, most of which falls during the growing season from April to September, decreases across
the region from approximately 520 mm in the northeast
to 350 mm in the southwest. Daily mean January temperatures range from approximately –18 °C in the north
to –10 °C in the south, and July means from 20 °C in
the north to 24 °C in the south.
Summer precipitation in the NGP is largely a result
of the northward movement and intrusion of warm moist
tropical air from the Gulf of Mexico and local convective precipitation. During periods of drought, moisture from this tropical airmass is blocked by high-pressure ridges, often resulting in a greater dominance of dry
westerly winds and a northward displacement of the jet
stream (Borchert, 1950). Convective precipitation also
decreases when moisture from local land sources is lacking (Chang & Wallace, 1987). Large-scale circulation
features typical of summer drought in the NGP consist
of strong anticyclonic conditions (high-pressure zones)
in the upper troposphere over the North Central USA,
periodically fed by dry westerly air, along with strong
high-pressure zones over the east-central Pacific and
North Atlantic, and strong troughs (low-pressure zones)
off both coasts (Namias, 1982, 1983). The position and
amplitude of the high-pressure ridges determines the areal extent of drought. In the 1988 drought, which was a
national drought composed of severe winter drought on
the West Coast and severe summer drought in the NGP,
the persistent large-scale circulation anomaly was linked
to anomalous sea-surface temperatures in the tropical
Pacific (Trenberth et al., 1988; Palmer & Branković,
1989). Such teleconnections help explain why droughts
in different regions are sometimes synchronous and recurring phenomena.
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Figure 1. Map of the Northern Great Plains (shaded area) showing Moon Lake’s location and morphometry. Isolines are equal precipitation minus evapotranspiration (cm
yr–1). Core locations are indicated as X1 for the short core and X2 for the long cores. Depths are in meters.
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Study site
Closed-basin lakes respond to climatic forcings and are
responsive to both long-and short-term climatic fluctuations. The site investigated here is Moon Lake (46° 51′
27″ N, 98° 09′ 30″ W, elev. 444 m), Barnes County, a
35-hectare natural lake with a relatively small watershed
(1,166 hectares) in the southern Coteau region of eastern North Dakota (Figure 1). Present salinity is approximately 5.8 g l–1 (conductivity of 6,850 μS), with an ionic
dominance of Na(Mg)SO4(CO3). Barnes County is dominated by morainal deposits that overlie Pierre Shale, the
primary bedrock. Moon Lake lies within the KensalOakes drift, an end moraine associated with a readvance
of the Des Moines ice lobe of the last glaciation (Kelly
& Block, 1967), and the Stoney Slough glacial outwash
channel, which today is a surficial aquifer recharged primarily by precipitation and runoff and secondarily by
subsurface flow (Kelly, 1966).
Moon Lake has several features that make it suitable for high-resolution paleoclimatic analysis, including a small catchment, a topographically closed basin,
a high sedimentation rate, and a hydrological setting
in which groundwater recharge is primarily driven by
precipitation.
Recent history of inferred salinity and drought
Fluctuations in salinity reflect changes in the hydrologic budget of the lake as a result of changes in effective moisture (precipitation minus evapotranspiration, P
– ET). Our working assumption is that periods of positive water balance (precipitation > evapotranspiration)
are reflected by higher lake levels and lower salinities,
whereas when the water balance is negative, lake levels are lower and salinity higher (Fritz, 1990). To determine the sensitivity of Moon Lake to climatic changes,
we examined the relationship between salinity inferred
from diatom assemblages in the sedimentary record to
a drought index based on instrumental climatic records
over the past 100 years.
Salinity was estimated from the diatom assemblages
of a 1.2-m core collected on August 20, 1991, from the
deep basin (Figure 1, X1) with a modified piston corer
(5-cm internal diameter) operated with rigid drive rods
and equipped with a clear plastic tube to insure an undisturbed mud/water interface (Wright, 1991). The core
was held upright and extruded in the field at 1-cm intervals from 0 to 30 cm, at 2-cm intervals from 30 to 90 cm,
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and 4-cm intervals from 90 to 120 cm. Core chronology
is based on 210Pb dating using the constant rate of supply model (Appleby & Oldfield, 1978). Diatom-inferred
salinity was calculated by a salinity weighted-averaging
(WA) calibration model with the program WACALIB v.
3.3 (Line et al., 1994) based on a WA regression transfer
function developed by Fritz et al. (1993).
In a previous study (Laird et al., 1996a) we compared salinity to estimated effective moisture (P – ET);
here our comparison is to a drought index. Although
there is a good correspondence between P – ET and salinity at Moon Lake, the weighted running average of P
– ET inherently incorporates assumptions about the hydrological response, ET is difficult to estimate, and ultimately we are interested in tracking past droughts.
Here we used the Bhalme-Mooley (1980) drought index
(BMDI) derived from precipitation records from Valley City (approx. 8-km northeast of Moon Lake) for the
years 1920–1990 and Jamestown (approx. 100 km west
of Moon Lake) for the years 1893–1919. The BMDI
equation is based on Oladipo’s (1986) BMDI equation
for the Great Plains region and monthly summer (April–
September) precipitation records from Valley City and
Jamestown. Summer precipitation was used because the
majority of rain (~78%) at these sites occurs from April
to September (e.g. Karl & Koscielny, 1982) and thus is
considered to be the most pertinent to drought history.
Cumulative summer and annual precipitation from Valley City and Jamestown are significantly correlated (r
= 0.73, p < 0.01 and r = 0.68, p < 0.01 respectively).
BMDI depicts periods and intensity of droughts as well
as the more complicated Palmer drought index (Oladipo, 1985), and is more suitable for single-site analysis
because it is based on precipitation from nearby climate
stations rather than the regionally based Palmer drought
indices.
Comparison of the diatom-inferred salinity of Moon
Lake with summer BMDI provides strong evidence that
the hydrological response of Moon Lake to precipitation
fluctuations is recorded in the salinity record (Figure 2).
There is a highly significant correlation (r = 0.49, p <
0.01) between log salinity with a 3-year lag and summer (April–September) BMDI. Because precipitation
records are of annual resolution in comparison to a resolution of one to several years in the sediment record,
the BMDI was first smoothed with a 4-point smoothing
window of a Fourier Transform filter (Press et al., 1988)
to facilitate comparison. Correlations increase as the lag
is increased from 0 to 3 years and decrease with lags ≥
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4 years. BMDI based on annual precipitation was also
significantly correlated with log salinity (r = 0.45, p <
0.01).
Correspondence between reconstructed salinity and
summer BMDI is greatest after 1930, with the exception of the mid-1970s. Fisheries management practices
(rotenone treatment and stocking) during the 1970s may
account for the failure of the diatom-inferred salinity to
record the 1970s drought (Laird et al., 1996a). Correspondence between salinity and short-term climatic fluctuations decreases prior to 1930, although the largerscale climatic trends are tracked by the diatom-inferred
salinity. Possible reasons for the discrepancies include:
(1) decreased sampling resolution at depths greater than
30 cm (1940 210Pb year), and (2) prior to 1920, Jamestown precipitation data are used to calculate BMDI instead of the closer Valley City climatic data. Although
the hydrological response of the lake may have been altered somewhat by settlement and agricultural practices,
the close correspondence between diatom-inferred salinity and summer BMDI justifies the use of paleosalinity
fluctuations as a proxy for drought intensity, duration,
and frequency.
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3) at an extrapolated 210Pb date of A.D. 1830 (120 yr
B.P.). It is also apparent from the stratigraphies of taxa,
such as Rhoicosphenia curvata (Kütz.) Grun., Chaetoceros elmorei/muelleri, Mastogloia smithii Thwaites
ex. W. Sm., and Gomphonema cf. affine that the top of
the long core correlates to A.D. 1980 of the 210Pb-dated
short core (Figure 3). Although overall there is strong
stratigraphic similarity between the two cores, correlation of other stratigraphic peaks is less certain, and
thus the chronology for the top portion of the long core
is based on linear interpolation between the two above
points (A.D. 1830 and A.D. 1980). Chronology was also
adjusted slightly due to core shrinkage since its retrieval
in 1986. This adjustment was made by adding a linear
scaling factor to each sample to adjust back to the original recorded length (Table 2).

Chronology and resolution
Two cores, approximately 12-m in length, were collected
on January 31, 1986 from the deepest part of the basin
(Figure 1, X2). Both cores were split and photographed
and cross correlated by distinct lithologies. Chronology
is based on linear interpolation of 14 AMS radiocarbon
dates of terrestrial charcoal and plant macrofossils (Laird
et al., 1996a). Century-scale diatom and pollen analyses
of the last 12,000 years are presented elsewhere (Laird
et al., 1996a).
Here we present high-resolution diatom analysis of
the last 2300 years. Chronology of the past 2,300 years
is based on linear interpolation of four AMS dates (Table
1) and stratigraphic correlation between the top meter
of the long core and the 210Pb-dated short core (Figure
3). Radiocarbon ages for the past 2300 years were calibrated to calendar years (Table 1) with the CALIB 3.0
computer program (Stuiver & Reimer, 1993) using the
bidecadal calibration curve (Stuiver & Pearson, 1993).
Stratigraphic correlation between the top meter of the
long core and the short core was facilitated by distinctive
samples with high relative abundance of Stephanodiscus
minutulus (Kütz) Cleve & Moller in both cores (Figure

Figure 2. Diatom-inferred salinity estimates (g l–1, solid
line) derived from a transfer function developed by Fritz et
al. (1993). Chronology is based on 210Pb, with a three-year
lag (see text for details). The Bhalme-Mooley Drought Index
(BMDI) (dotted line) is a drought index based on Oladipo’s
(1986) BMDI equation for the Great Plains region and monthly
summer (April–September) precipitation records from nearby
climate stations. The BMDI record was smoothed with a Fast
Fourier Transform filter with a 4-point smoothing window
(Press et al., 1988).
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Figure 3. (a) Stratigraphic correlation of the short core and top meter of the long core. (a) Dominant taxa in the short core are ordered according to
increasing salinity optima. Zones A and B indicate the intervals used to correlate the top meter of the long core. Dates are based on 210Pb chronology. (b)
Dominant taxa as in (a) for the top meter of the long core. Dates for the long core are based on the chronology of the short core (a) at Zones A and B.
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Table 1. Moon Lake radiocarbon AMS dates (Lawrence Livermore Lab.).
Depth in core from which charcoal was collected for dating. Each dated
charcoal sample consisted of 50–100 small flakes of charcoal picked from
screened sediment under a stereo microscope. Radiocarbon dates (years
B.P.) ±error (1 standard deviation in years B.P.) are indicated. Radiocarbon
dates were calibrated to calendar year with the CALIB 3.0 program using
the bidecadal calibration curve (Stuiver & Reimer, 1993; Stuiver & Pearson,
1993). Calendar years B.P. are indicated with minimum and maximum 1
sigma calendar age ranges obtained from intercepts. Table is modified from
Laird et al. (1996a)
Core depth
(cm)

14C

CAMS
(lab No.)

Date
(±1 s.d.)

Calendar years B.P.
(and 1 sigma range)

110–114

6821

460 ± 60

509 (477–530)

188–192

14337

830 ± 60

725 (672–782)

245–246

14338

1080 ± 50

966 (936–1055)

342–347

6822

2300 ± 60

2,334 (2,206–2,349)

Table 2. Depth and age adjustment due to core shrinkage using linear scaling factors. Sample numbers
for each core section are given according to depth from water surface. The original core length at time
of retrieval and core length at time of sampling is given. Each sample was multiplied by a linear scaling
factor to adjust back to the original length. Calendar years B.P. is given for each core interval
Sample #s (depth
at water surface)

Core
section

Original
length

Length at
sampling

Linear
Age (Calendar
scaling factor years B.P.)

1270–1349

1

95 cm

79 cm

1.20

–30 to 240

*1386–1450

2

84 cm

64 cm

1.31

330 to 615

1470–1562.5

3

100 cm

92.5 cm

1.08

620 to 1,016

1570–1658

4

100 cm

88 cm

1.14

1,038 to 2,334

*The top 16 cm of core section two was desiccated and thus subtracted from any calculations.

Sediment samples of 0.5 cc volume were taken continuously every 0.5 cm for the top four meters of the
12m long core. Samples were processed in cold hydrogen peroxide (30%) with potassium dichromate to oxidize organic matter and rinsed several times with distilled water until free of peroxide. The resultant slurries
were settled onto coverslips, and when dry, the coverslips were mounted onto slides with Naphrax®. Diatoms
were counted in transects under oil immersion either on
an Olympus BH2 microscope with a 100× plan apochromatic objective (Numerical Aperture, NA = 1.4) and interference contrast or on a Leitz DMRB microscope
with a 100× fluotar objective (NA = 1.3) with brightfield or interference contrast. A minimum of 300 diatom
valves (avg. 343) was counted from each sample for every 1 cm for the top 3 meters, or in rare cases 100–200
valves (avg. 143) where diatom preservation was poor
or concentrations were low. This resulted in an average
resolution of 4 years for the past 1000 years, including
a 90-year gap from 240 to 330 year B.P. due to desicca-

tion of the top 16 cms of core section two. Samples were
counted every 0.5 cm for the fourth meter for an average
resolution of 7.5 years, and an overall average resolution of 5.3 years for the past 2,300 years. All ages are reported in calendar years B.P. (1950 as reference) or A.D.
unless otherwise noted.
Stratigraphic history of Moon Lake
424 samples were counted and 75 diatom taxa were
found in the core that were either in the calibration set
(Fritz et al. 1993) or > 2% in two samples. Primary taxonomic references were Hustedt (1930), Patrick & Reimer (1966, 1975), and Krammer & Lange-Bertalot
(1986–1991). Taxonomic nomenclature follows that in
Fritz et al. (1993), except for the few taxa not in the calibration set.
Prior to 750 yr B.P., freshwater taxa are of low relative abundance (Figure 4) and are primarily benthic or
periphytic species (Figure 4b), many of which may also
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be tycoplanktonic in saline lakes (Gasse et al., 1983; K.
R. Laird, unpub. data). In contrast, during several periods of the past 750 years, freshwater planktonics, such
as Stephanodiscus minutulus and S. parvus Stoermer &
Häkansson, dominated. Freshwater periphytic taxa (e.g.
Cymbella cymbiformis v. nonpunctata Font., Achnanthes
minutissima Kütz, and Gomphoneis olivaceum (Hornemann) P. Dawson ex Ross & Sims) also reach relatively
high percentages (> 10–20%) during the past 750 years.
In present-day lakes, S. minutulus and S. parvus are associated with high nutrient conditions (e.g. Brugam,
1979), and their presence downcore may indicate more
intense lake mixing.
Hyposaline periphytic and benthic taxa occur
throughout the past 2,300 years, and some, such as
Rhoicosphenia curvata, Cocconeis placentula v. euglypta (Ehrenb.) Grun., Synedra fasciculata (Ag.) Kütz,
and Diatoma tenue v. elongatum Lyngb., intermittently
reach relative abundances greater than 10–20% (Figure
4a). Cyclotella meneghiniana Kütz. reaches relative
abundances greater than 15–20% during short episodes
and otherwise is absent throughout much of the past
2,300 years. In African saline lakes, C. meneghiniana
has been classified as facultative planktonic (Gasse,
1987). This habitat classification may also be true in
the NGP (S. C. Fritz, unpub. data) and British Columbia, Canada (Cumming et al., 1995), where its greatest
relative abundance (20–30%) occurs in lakes 1.4 to 4.3
meters deep. Several saline taxa have dominated during the past two millennia. The two predominant saline
taxa are Chaetoceros elmorei/muelleri and Cyclotella
quillensis Bailey, with short intervals of dominance by
Nitzschia cf. fonticola (Figure 4a). Chaetoceros species
are found in the sediments primarily as resting spores
or cysts.
As a means of evaluating the degree to which salinity
explains the changes in diatom assemblages downcore, a
correspondence analysis (CA) was performed using the
computer program CANOCO v. 3.12 (ter Braak, 1988,
1990). CA is an unconstrained ordination that represents
the major directions of change in assemblage composition. CA sample scores (axis 1) downcore were compared to estimated salinity values downcore. The highly
significant correlation (r = 0.67, p < 0.01) between the
two suggests that salinity can explain a majority of the
variation in diatom assemblage downcore.
This correlation may have been even higher if the
calibration set more adequately represented the fresh
end of the salinity gradient. No lakes were sampled with
salinity below 0.5 g l–1, and only a few are between 0.5
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and 1.0 g l–1, which results in overestimation of salinity of fossil samples in the fresh region of the gradient.
Lakes at the fresh end of the gradient are currently being added to the calibration set to rectify this. This hypothesis is substantiated because the largest discrepancies between the CA scores and inferred salinities exist
at the fresh end of the inferred salinities. During the
past 2,300 years, only a few intervals are dominated by
freshwater taxa (particularly Stephanodiscus spp., Figure 4). Because these assemblages are very different
from the majority of samples, they consequently have
extreme CA sample scores; however, due to the paucity
of freshwater lakes in the calibration set the estimated
salinity does not vary at the same magnitude as the CA
scores.

Evaluation of salinity estimates and analog analysis
Two approaches were used to evaluate how well the calibration set of modern samples provides analogs for the
fossil core samples. The first approach evaluates the degree to which the calibration set reliably estimates salinity for each core sample, because only those taxa found
in the calibration set are used in this analysis. The second approach evaluates how well the calibration set represents the fossil samples in terms of the relative abundance of all taxa found in the core sample.
In the first approach, a canonical correspondence
analysis (CCA) ordination was performed with salinity
as the only explanatory variable, to calculate the squared
residual distance of each fossil (passive) diatom sample
from the salinity axis (CCA axis 1). The degree to which
the calibration set reliably provides analogs for estimating salinity is determined by comparing the squared residual distances of the fossil (downcore) samples to
those of the modern samples. Because the distribution
of squared residual distances of the modern samples was
skewed, both the modern and fossil samples were logtransformed prior to determining 90% and 95% confidence intervals. Fossil samples with residual distances
within the 90% confidence intervals of the modern samples are considered to have good analogs for estimating
salinity. Those fossil samples with residual distances in
the extreme 10% of the modern samples are considered
to have poor analogs for estimating salinity, and those
in the extreme 5% are considered to have very poor analogs (Birks et al., 1990). Only 3.1% and 5.4% of the
fossil samples fell in the 10% and 5% extremes, respectively (Figure 5).
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Figure 4. (a) Dominant taxa, > 20% in at least two samples; (b) subdominant taxa, > 2% in at least two samples. Taxa are grouped in salinity categories
of fresh (< 3 g l–1), hyposaline (3–10 g l–1), and saline (10–100 g l–1) based on Rawson & Moore (1944). Those taxa not defined do not occur in the NGP
calibration set. Zones are based on major periods of climatic change discussed in the text: “Medieval Warm Period” (MWP) (ca. 750–950 cal yr B.P.),
“Little Ice Age” (LIA) (ca. 100–650 cal yr B.P.) and the transition between these (ca. 650–750 cal yr B.P.).
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Figure 5. Analog analyses. Results of the salinity analog CCA analysis (see text) are indicated by the bars on the right side of the graph; those
samples in the extreme 5% (very poor salinity analogs) and the extreme 10% (poor salinity analogs) are indicated. Bars indicate one sample
unless indicated otherwise in parentheses. Analog analysis, measured by dissimilarity, is indicated by the column graph. Dissimilarity coefficient
(DC) is based on a squared chord distance. The minimum distance of each fossil sample to a modern calibration sample is shown. The 50% and
90% confidence interval (C.I.) lines shown indicate the 50% and 90% confidence limit for the calibration set (see text for details).
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In the second approach, every fossil sample was
compared to the calibration set by using a squared
chord distance as a dissimilarity measure (Prentice,
1980; Overpeck et al., 1985) using the computer program ANALOG (H. J. Birks & J. M. Line, unpub. program). A critical value with which to compare the fossil
samples was determined by calculating the mean minimum dissimilarity coefficient (DC), and the 50% and
90% confidence intervals for the 53 modern samples
(i.e. each sample in the calibration set was compared
with all other modern samples to determine the sample
to which it had a minimum DC). Any fossil samples
with minimum DCs in the extreme 10% of the modern
calibration set were deemed to have a very poor or no
modern analog, and those samples with DCs between
the 50% and 90% confidence intervals of the calibration set to have poor modern analogs. Only 2.8% of
fossil samples have very poor or no analogs (DCs >
1.0), whereas 7.1% have poor analogs (DCs between
0.82 to 1.0) (Figure 5). Those samples with no modern analog that occur between ca. 1,850–2,100 yr B.P.
are dominated by Nitzschia sp. 1, which is not present in the calibration set. Samples with no analogs at
ca. 450– 500 years B.P. have high percentages (ca. 25–
36%) of Cymbella cymbiformis var. nonpunctata and
Achnanthes minutissima, which only reach a maximum
abundance of 2.2 and 3.7% in the calibration set, respectively. Some of these samples also have high percentages of Denticula elegans Kütz., Epithemia argus
(Ehrenb.) Kütz., and Mastogloia smithii in comparison
to the low abundance of these taxa in the modern samples. Samples with poor modern analogs (DCs between
0.82– 1.0) contain taxa that occur at higher abundances than in the modern samples. These include the
taxa above and Entomoneis paludosa (W. Sm.) Reimer
in Patr. & Reimer, Epithemia adnata (Kütz.) Rabenh.,
Cocconeis placentula var. euglypta, and Diatoma tenue
var. elongatum.
Both of the above methods are appropriate for distinguishing very “odd” fossil samples (such as those
samples dominated by Nitzschia sp. 1) and thus potentially unreliable salinity reconstructions (i.e. very poor
salinity analogs) that also have very poor modern analogs based on DCs. However, the two approaches differ
greatly in distinguishing those samples that have somewhat unreliable salinity reconstructions (i.e. poor salinity analogs) and poor modern analogs based on DCs. If
one is purely interested in the reliability of a single environmental reconstruction, the “salinity analog” approach
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may be more appropriate. If, however, more than one
environmental variable is being considered concurrently
or many fossil samples contain taxa not in the calibration set or in higher abundances than found in the calibration set, then the analog method based on minimum
DCs may be more appropriate.

Moon Lake drought history
We believe that the diatom-inferred salinity record from
Moon Lake is a good proxy for drought intensity, duration, and frequency over the past 2,300 years because
of the highly significant correlation between salinity and
drought occurrence over the past 100 years (Figure 2),
the excellent stratigraphic reproducibility (Figure 3), and
the fact that > 90% of the fossil samples have appropriate modern analogs and reliable salinity reconstructions
(Figure 5). Salinity reconstructions were calculated as in
the short-core analysis. Mean bootstrap estimates of salinity calculated from 1,000 cycles are highly correlated
with the weighted-average salinity estimates (r = 0.99).
For purposes of comparison to other calendar-year chronologies, we switch from yr B.P. to A.D. for much of the
discussion below.
Evidence from the Moon Lake diatom record suggests that extreme droughts of greater intensity than the
1930s Dust Bowl years were more frequent prior to A.D.
1200 (Figure 6a). Since A.D. 1200, conditions have
been wetter with short episodes of drought conditions.
This pronounced shift of mean salinity (Figure 6b) coincides with the end of the “MWP” (A.D. 1000–1300;
Lamb, 1982) and the onset of the “LIA” in North America (A.D. 1300–1850; Porter, 1986).
The distinct period of high salinity from A.D. 1000–
1200 provides evidence for an arid “MWP” in the NGP.
The “MWP” is an interval of warmer temperatures
whose geographic extent, timing, and climatic manifestation is debated. In North America, glacial evidence
from the Canadian Rockies and tree-ring evidence from
the Sierra Nevada suggest warmer conditions, whereas
tree-ring evidence from the southeast USA suggests that
this period is not climatically distinct (Hughes & Diaz,
1994). Although the “MWP” at Moon Lake has some of
the highest peaks in salinity of the past 2,300 years, a
number of droughts of equal intensity occur prior to this
period, including a high frequency of extreme drought
from A.D. 200–370 and A.D. 700–850. Thus, although
the “MWP” is a period in which extreme droughts are
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Figure 6. (A) Dotted line is diatom-inferred salinity (g l–1), and solid line is a Fast Fourier transformation (Press et al., 1988) of 5-year equalinterval interpolated data using a 10-point smoothing window. Average resolution between samples is 5.3 years. Data are presented on a log scale
due to the log-based transfer function. (B) Deviation from the mean log salinity of the past 2,300 years. The 92-year gap from 240 to 332 yr B.P.
is due to desiccation of the top 16-cm of core section two.

frequent, especially in comparison to the “LIA” interval
(see below), it is not unusual in comparison to the previous thousand years of climatic history.
The Moon Lake record provides evidence for a hydrologically complex “LIA” interval, with periods of
wet conditions interspersed with short episodes of drier
conditions at times comparable to the droughts of the
1930s. The “LIA” is well documented by glacier expansion in the mountains of western North America and
Europe (Grove, 1988) and has often been used to describe a continuously cold interval of global extent from
300 (ca. A.D. 1550–1850) to 500 (ca. A.D. 1350–1850)
years duration depending on the date of onset (cf. Luckman, 1993). Glacier evidence from the Northern Hemisphere suggests an earlier onset (Porter, 1986). Recent
syntheses indicate that the “LIA” was much more complex and varied among regions, and was composed of
decade-long cold episodes separated by warmer inter-

vals (Bradley & Jones, 1993). The Moon Lake record
supports this pattern. Although the “LIA” was not a
continuously cold or wet period, at Moon Lake this interval was generally wetter in comparison to the previous 1500 years (Figure 6b), with salinities reaching
lows not recorded in the diatom record since the early
Holocene (Laird et al., 1996a).
Regional comparisons
Northern Great Plains and Midwest regions
Inferred climate at Moon Lake over the past 750 years
indicates that, although at times the intensity and duration of drought was somewhat greater than in the 1930s,
the frequency of drought has not been appreciably different over the past seven centuries. Similarly in Alberta
on the western edge of the NGP, tree-ring data suggest
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that the frequency of droughts has been similar during
the past five centuries, yet several droughts more intense than those recorded in the last century occur (Case
& MacDonald, 1995). Although these records have a
broadly similar pattern, with synchronous droughts during periods such as the 1610s and 1790s, there is also incoherence in the timing and intensity of drought events.
Other tree-ring records (Meko, 1992) and climatic analyses of the past century (Oladipo, 1986) indicate that
droughts are often asynchronous within the vast Great
Plains region. On the periphery of the USA Great
Plains, tree-ring records from A.D. 1700–1977 indicate droughts clustered around the late 1750s and 1860s
(Stockton & Meko, 1983), which correspond to periods
of only moderate aridity at Moon Lake, and the interval
from A.D. 1825–1838, in which no droughts occurred,
corresponds to an extreme fresh interval at Moon Lake.
This latter period corresponds to an interval of abruptly
cold temperature that is frequent in many records in the
early to mid-1800s (e.g. Jacoby et al., 1988). The Alberta tree-ring record (Case & MacDonald, 1995) also
indicates that much of the early to mid-1800s was relatively moist.
Correlation of climatic conditions at Moon Lake during the past 750 years with conditions 230-km east in
northwest Minnesota provides support for a regionally
complex “LIA”. The two major freshwater periods (salinity < 3 g l–1) at Moon Lake are contemporaneous with
two periods of reduced fire frequency (A.D. 1240–1440
and since A.D. 1600), inferred from charcoal accumulation (Clark, 1988, 1990), with an intervening period of
greater fire frequency (A.D. 1440–1600), which coincides with more saline conditions at Moon Lake. Other
sites in the NGP suggest wetter conditions during the
“LIA” interval, such as Chappice Lake, Alberta, which
has a high-lake stand from ~A.D. 1330–1890 (600–100
14C yr B.P., Vance et al., 1993). Some sites, however, indicate an arid climate, such as Devils Lake, North Dakota from ~A.D. 1430–1890 (500–100 14C yr B.P., Fritz
et al., 1994) and Redberry Lake, Saskatchewan from
~A.D. 1430–1780 (500–200 14C yr B.P., Stempvoort et
al., 1993). However, these latter studies are not of high
enough resolution to discern the apparent complexity
typified by the Moon Lake record.
Evidence of an arid “MWP” in the NGP exists from
paleorecords of low lake level in several sites, including
Chappice Lake from ~A.D. 1020–1330 (1000–600 14C
yr B.P., Vance et al., 1993), Waldsea Lake from ~A.D.
1020–1290 (1000–700 14C yr B.P., Last & Slezak, 1988),
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Redberry Lake from ~A.D. 1020–1170 (1000–900 14C
yr B.P., Stempvoort et al., 1993), and Deadmoose Lake
(Last & Slezak, 1986, 1988). These low-lake stands
roughly correspond to the “MWP”, A.D. 1000–1300. In
contrast Ceylon Lake, Saskatchewan, indicates a high
lake level at this time (Teller & Last, 1990).
The degree of resolution and time frame examined
is particularly critical for assessing the “MWP” and the
climatically complex “LIA” interval, which spans several centuries. Both of these events are evident in the
century-scale diatom analysis of Moon Lake (Laird et
al., 1996a), but they were based on only a few points,
and at this resolution provide little information on climatic variability within those periods. Clearly, more
well-dated paleoclimatic records at a high resolution are
needed to confidently characterize regional patterns during the “MWP” and “LIA” intervals.
Western and Southwest USA
Extreme drought reconstructed from giant sequoia (Sequoiadendron giganteum (Lindley) Buchholz) tree rings
in the San Joaquin Valley, California, occurred from
A.D. 700–850, A.D. 250–350, and A.D. 1480–1580, in
general order of decreasing intensity (Hughes & Brown,
1992). The first two intervals correspond to periods of
extreme drought at Moon Lake, and the latter to a period
within the “LIA” interval that had more arid conditions.
Although the “MWP” does not stand out distinctly in the
sequoia record, there are indications of extreme drought,
although drought is not as frequent as in the previously
mentioned periods. In contrast, the fire history reconstructed from giant sequoia groves in the Sierra Nevada
indicates that the period from ca. A.D. 1000–1300 had
the highest frequency of multi-grove fire events, which
tend to occur during dry years (Swetnam, 1993). This
period overlaps with the arid “MWP” of Moon Lake, but
periods of cooler climate and lower fire frequency from
A.D. 500 to 1000 and after A.D. 1300 do not consistently
correlate with periods of higher moisture at Moon Lake.
Other evidence for extended periods of drought during
Medieval times in the Sierra Nevada exist from drowned
tree stumps, with drought events between ca. A.D. 900–
1100 and A.D. 1200–1350 separated by a very wet interval (Stine, 1994). Although the earlier drought period
overlaps with the onset of “MWP” conditions at Moon
Lake, the apparent wet interval occurs during maximum
aridity of the “MWP” at Moon Lake, and the second
drought period occurs when conditions were generally
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becoming wetter at Moon Lake. However, the interval
A.D. 1200–1350 is highly variable at Moon Lake, with
generally increasing precipitation interspersed with extreme short-lived droughts. Tree-ring data from subalpine conifers in the southern Sierra Nevada support the
occurrence of extended drought in the Sierra from A.D.
1200–1220 and A.D. 1250–1350 (Graumlich, 1993) but
indicate a much shorter interval of drought from A.D.
1020–1070.
A record of extreme floods during the past 1,000 years
from the Southwest USA (Ely et al., 1993) is broadly
synchronous with moisture changes at Moon Lake but
of opposite sign. Frequent high-magnitude floods occur between A.D. 1000–1200, with a sharp drop of large
floods from A.D. 1200–1400, then increasing floods, especially from A.D. 1550–1750. Extreme negative precipitation anomalies in the North Central USA, concurrent with extreme positive precipitation anomalies in
the Southwest USA are analogous to episodes during
the 1930s and late 1980s (Riebsame et al., 1991; Trenberth et al., 1988), when southerly airflow enhanced the
effects of the early summer monsoon in the Southwest
USA and high pressure over the Central USA displaced
the jet stream northward.
The broad coherence among these sites suggests that
general circulation patterns are a dominant forcing factor, whereas the specific timing, duration, and magnitude of precipitation patterns within and among regions
may be controlled by more regional and local processes.
This may explain the asynchrony among records. Alternatively, the asynchrony could be a result of the differing response of the various proxies to climatic forcings
or differences in chronological control. Nonetheless, the
period from ca. A.D. 900–1400 is a period of extremes
not seen in recent history, with spatial variability suggesting an interplay of large-scale circulation anomalies,
regional climatic forcings, and amplification by more local land-surface processes.

General discussion and implications
Spatial patterns of droughts are usually ascribed to the
placement of high-pressure ridges, the northward displacement of the jet stream, and the zonal or meridional character of the circulation (Trenberth et al., 1988;
Borchert, 1950, 1971; Namias, 1983). However, the underlying processes that cause variations in the general atmospheric circulation and decadal to centuries-long precipitation anomalies are difficult to understand. The
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extreme 1930s drought covered approximately 65% of
the continental USA in August of 1936 (Riebsame et al.,
1991). However, even within this driest decade of the
20th century, drought was not continuously persistent but
rather consisted of several phases that affected different
regions of the country at different times (Skaggs, 1975).
Various mechanisms for drought in the Great Plains
have been proposed, including an association with anomalous sea-surface temperatures (Palmer & Branković,
1989; Trenberth et al., 1988; Namias, 1983), shifts in the
general circulation pattern of the atmosphere (Borchert,
1950, 1971; Namias, 1983), and association with the 22year Hale solar magnetic cycle, although considerable
variability in the period length from 15 to 25 years occurs (Stockton & Meko, 1983). Spectral analysis of the
Moon Lake salinity also suggests that the recurrence of
drought may be associated with solar and lunar cycles
(Laird et al., 1996b). Several explanations of decadal- to
centennial-scale climatic variability have been hypothesized, including inherent variability of the linked atmospheric-oceanic system, solar variability, volcanic eruptions, and variability of “greenhouse” gases (Rind &
Overpeck, 1993). The occurrence of drought and the associated circulation patterns is likely a combination of
such forcings.
The present-day Great Plains is one of the most
drought-prone regions of the USA (Karl & Kosielny,
1982), which has been both socially and economically
devastated by historical droughts (Borchert, 1971). Evidence presented here suggests that the past 750 years
have been relatively wetter than the previous 1550 years,
when recurring severe droughts were more the norm.
The high frequency of extreme and persistent droughts
recorded in Moon Lake from A.D. 200–370, A.D. 700–
850, and A.D. 1000–1200 have no modern equivalents.
These drought events were of much greater intensity
and duration than any in the 20th century, suggesting
that the circulation anomalies that produce widespread
drought were more persistent. Considering the impacts
of the relatively short-lived 20th-century droughts, a
high frequency of extreme drought persisting for centuries would be devastating, and could not be alleviated
by irrigation or other current agricultural practices. The
potential impacts of changes in precipitation patterns in
the future are of particular importance to agricultural regions, which are vitally dependent upon water resources.
High-resolution records of drought over the past 2,000
years, such as presented here, provide a longer-term perspective of effective moisture patterns, from which decisions on water-resource management may be made.
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